Abstract. Numerous antioxidants exhibit antiarthritic effects due to their inhibitory effect on inflammatory factors. Certain antioxidants, such as protocatechuic acid (PCA) and its analogs, have been reported to be effective in the treatment of arthritis. However, the effect of PCA on chondro-protection may be alleviated due to the induction of apoptosis, as has been demonstrated in stomatocytes. To clearly determine the effect of PCA on the biological and cellular metabolism of rabbit articular chondrocytes in vitro, examinations of cytotoxicity, proliferation and morphology were performed, in addition to analyses of glycosaminoglycan (GAG) synthesis and the expression of cartilage-specific genes. The results revealed that PCA effectively promoted chondrocyte growth, the synthesis of the extracellular matrix and the mRNA expression of aggrecan, collagen II and Sox9, while downregulating the expression of the collagen I gene, a marker of chondrocyte dedifferentiation. In addition, hypertrophy, which may result in chondrocyte ossification, was not detected in the groups. Among the doses (range, 0.05-0.3 mmol/l) of PCA that promoted the proliferation of chondrocytes, a concentration of 0.125 mmol/l produced the optimum performance. The results indicated that PCA, particularly at a dose of 0.125 mmol/l, accelerated the proliferation of rabbit articular chondrocytes in vitro and maintained their phenotype. This study may provide a basis for further research concerning the treatment of cartilage defects.
Introduction
As a tissue that possesses a poor regenerative capacity, articular cartilage tends to be structurally broken down or degenerated under the shadow of disease, aging or trauma, finally evolving into osteoarthritis (OA), where the prognosis is poor (1, 2) . Over the course of OA development, catabolic factors, including proinflammatory cytokines, are activated, which induces the gradual self-destruction of cartilage coupled with the curb of chondrogenic differentiation (3) (4) (5) . Accompanied with this process is the impact of non-cartilage-specific extracellular matrix (ECM) with inferior mechanical properties, which is produced by dedifferentiated chondrocytes and can prevent chondroprogenitors from remodeling cartilage defects through migration (6, 7) . These factors lead to the acceleration and deterioration of OA.
As a traditional anti-inflammatory agent, non-steroidal anti-inflammatory drugs have been administered to patients with OA to attenuate associated symptoms, similar to other therapies, including aminoglucose and sodium hyaluronate (HA) (8) . Tissue engineering, where cells can be encapsulated in a carrier matrix, is a promising alternative resolution although arthroplasty is time consuming and microfracture suitable for minor lesions (9) . Sustained phenotypic maintenance of chondrocytes during expansion in vitro, and the synthesis of mature ECM combined with anti-inflammation following transplantation in vivo, are necessary for the successful treatment of OA with tissue engineering (10, 11) , which remains a serious challenge and requires further research.
With marked antioxidation, anti-inflammatory and antitumor properties, polyphenolic compounds isolated from plants, such as green tea, and catechins, are attracting increasing attention. Evidence suggests that polyphenols aid the differentiation and phenotypic survival of numerous stomatocytes (12 has been reported to possess analgesic and anti-inflammatory activity in Freund's adjuvant arthritis (13) . In addition, PCA has been shown to stimulate the apoptosis of tumor cells (14) and resist the HA degradation of experimental arthritis (15) . An additional study demonstrated that PCA benefited cell differentiation and the maintenance of cellular phenotypes for neural stem and progenitor cells in vitro (16) . These findings indicated that as a potent anti-inflammatory agent, PCA may exert an effect on chondrocyte differentiation, which is of significance for the treatment of long-term arthritis, via the maturation of ECM secretion or the induction of chondrocyte expansion in cartilage tissue engineering. Therefore, PCA was hypothesized to be a potential chondro-protective agent that may be applied to induce chondrocyte in vitro expansion in cartilage tissue engineering for OA. In the present study, the effect of PCA on the biological functions of rabbit articular chondrocytes in vitro were investigated through the determination of cytotoxicity, proliferation and cell morphology, coupled with glycosaminoglycan (GAG) synthesis and cartilage-specific gene expression. This study may provide a reference for the application of PCA in cartilage tissue engineering and the treatment of OA.
Materials and methods

Isolation and culture of articular chondrocytes.
A total of five one-week-old New Zealand rabbits were purchased from the Center of Experimental Animals of Guangxi Medical University (Nanning, China) and the relative operations were approval by the Ethics Committee of Guangxi Medical University. First, one rabbit was anaesthetized using pentobarbitone sodium (60mg/kg, intraperitoneally; Sigma-Aldrich, St. Louis, MO, USA). After sedation had been successfully induced, 150 mg pentobarbitone sodium was slowly administered in addition to the initial dose, until the rabbit was euthanized. Standard preoperative preparation was performed and cartilage slices were harvested from hip and knee joints on a clean bench (JB-CJ-2FX; Suzhou Jiebao Purification Engineering Equipment Co., Ltd., Jiangsu, China). These slices were primarily dissociated with 0.25% trypsin (Solarbio, Beijing, China) for 30 min, and then with 2 mg/ml collagenase type II (Sigma-Aldrich) in α-modified Eagle's medium (α-MEM; Gibco Life Technologies, Carlsbad, CA, USA) for 3 h. Chondrocytes were isolated through centrifugation (400 x g, 5 min, 37˚C) and resuspended in α-MEM containing 20% (v/v) fetal bovine serum (Gibco Life Technologies) and 1% (v/v) antibiotics (penicillin 100 U/ml and streptomycin 100 U/ml; Solarbio). The cultures were maintained in a 5% CO 2 incubator (Thermo Fisher Scientific, Glasgow, UK) at 37˚C, with the culture medium changed every three days. Cells were passaged after reaching 80-90% confluence. Confluent chondrocytes in a logarithmic growth phase were prepared for the further experiments.
Preparation and treatment of PCA. PCA was purchased from Chengdu Must Bio-technology Co., Ltd. (Chengdu, China). Prior to the experiment, PCA was dissolved in 75% alcohol to form a 100-mmol/l stock solution. Following filtration with a 0.22-µm filter (EMD Millipore, Billerica, MA, USA) for sterilization, the solution was stored at -4˚C. The stock solution of PCA was added to the cell culture to provide various concentrations for the subsequent experiments.
Cytotoxicity assay. Articular chondrocytes were cultured in 96-well microplates (Corning Incorporated, New York, NY, USA) pretreated with various concentrations of PCA (0-1 mmol/l) for three days. MTT (5 mg/ml; Gibco Life Technologies) was added to the cultures in each well. Following incubation at 37˚C for 4 h, the culture medium was removed and dimethyl sulfoxide (Gibco Life Technologies) was added (150 µl per well). The microplates were gently shaken for 10 min by MH-2 Mini Shaker (Kylin-Bell Lab Instruments Co., Ltd., Jiangsu, China) in order to obtain a completely dissolved purple solution. The optical density was detected at 570 nm using a Multiskan GO Microplate spectrophotometer (Thermo Fisher Scientific, USA).
Cell proliferation analysis and biochemical assay. In light of the results of the cytotoxicity assay, three doses of PCA with evident positive effects were selected (0.0625, 0.125 and 0.25 mmol/l), along with a control group (0 mmol/l PCA), for the cell proliferation analysis and biochemical assay. Chondrocytes in the different groups were cultured for two, four and six days. The cells were digested with 0.25% trypsin and resuspended in phosphate-buffered saline (PBS) containing 60 µg/ml proteinase K (Sigma-Aldrich) for 16 h at 60˚C. Following the application of Hoechst 33258 (Sigma-Aldrich), the proliferation of cells was analyzed via DNA production using an ultraviolet Hitachi F-4500 spectrofluorometer (Hitachi, Ltd., Tokyo, Japan) at 460 nm, with the absorbance value of Hoechst 33258 dye used as the baseline.
The total production of GAGs was measured through absorbance with a 1,9-dimethylmethylene blue spectrophotometric assay at 525 nm, with chondroitin sulfate (Sigma-Aldrich) as the standard sample. The synthesis and secretion of GAGs was calculated according to the standard curve and normalized against the total DNA production, which revealed the biosynthetic activity of the cells in diverse culture media.
Morphological examination. Following culture for six days, the cells were fixed with 95% alcohol for 30 min and then rinsed three times in PBS, once every 3 min. Subsequently, chondrocytes were stained by hematoxylin-eosin (HE) using a commercial kit (Jiancheng Biotech Co., Ltd., Nanjing, China) according to the manufacturer instructions. An inverted phase contrast microscope (Zeiss International, Oberkochen, Germany) was used to conduct the cell morphological analysis.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. To further investigate the effect of PCA on the expression of cartilage-specific genes, the mRNA expression levels of collagen Ⅰ, Ⅱ and Ⅹ, aggrecan and Sox9 were analyzed by RT-qPCR. Total RNA was extracted from the articular chondrocytes using an RNeasy RNA extraction kit (Tiangen Biotechnology, Beijing, China), according to the manufacturer's instructions. Total RNA (~300 ng) was used as a template and reverse transcribed into cDNA with a reverse transcription kit (Fermentas; Thermo Fisher Scientific). cDNA was amplified using a SYBR ® Green Master Mix kit (Roche Diagnostics GmbH, Mannheim, Germany). qPCR was performed using a qPCR Detection System (Realplex 4; Eppendorf, Enfield, CT, USA) with FastStart Universal SYBR ® Green Master Mix at 95˚C for 5 min for the initial denaturation, then 40 cycles of 95˚C for 15 s and 60˚C for 1 min. The designed primers used for PCR are shown in Table Ⅰ . The primer specificity was confirmed by analyzing the dissociation curve of each primer pair. Relative gene expression levels were calculated using the 2 -ΔΔCt method, relative to GAPDH gene expression. Each gene was analyzed in triplicate to reduce randomization error.
Statistical analysis. Statistical analyses were conducted using SPSS software, version 17.0 (SPSS, Inc., Chicago, IL, USA). Results are expressed as the mean ± standard deviation for quantitative data. Statistical significance was determined using one way analysis of variance followed by Dunnett's post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
Cytotoxicity assay. As depicted in Fig. 1, compared (Fig. 2A) . Among the three concentrations, 0.125 mmol/l PCA exhibited the strongest promoting effect on cell growth at the same time-point of culture. Fig. 2B demonstrates an evident increase in the amount of GAGs, provided as a ratio of GAG/DNA, in the PCA groups when compared with the control group for the same culture period (P<0.05). In line with the cell proliferation determined by DNA content, PCA at a dose of 0.125 mmol/l produced the best effect on GAG synthesis.
Secretion of GAGs.
Cell morphology. Evaluation of chondrocyte morphology using HE staining demonstrated that chondrocytes treated with PCA grew better compared with the control group (Fig. 3) . In the PCA groups, a higher number of round cells were identified, which represented the typical morphology of chondrocytes. In addition, PCA at the dose of 0.125 mmol/l was most effective at facilitating the proliferation of rabbit articular chondrocytes in vitro.
Gene expression. The positive role of PCA on ECM synthesis was further verified by examination of the expression of aggrecan, Sox9 and collagen Ⅰ, Ⅱ and Ⅹ (Fig. 4) . The mRNA expression levels of the cartilage-specific genes, aggrecan, collagen II and Sox9, were evidently promoted by PCA when compared with the control group. In addition, the expression of the collagen I gene, a marker of cell dedifferentiation, was downregulated by PCA when compared with the control cells. The expression of collagen X, an indicator of cell hypertrophy, was not detected. Among the experimental groups, PCA at a concentration of 0.125 mmol/l exhibited the optimum performance with regard to the upregulation of the expression levels of aggrecan, collagen II and Sox9 genes, as well as the downregulation of collagen I gene expression.
Discussion
PCA exists in numerous fruit and vegetables and is readily available in daily life. The chemical composition of PCA is similar to gallic acid, which are both categorized as a polyphenolic compounds known to exert antioxidant, anti-inflammatory and anticancer effects (17, 18) . PCA and its analogs possess potent anti-inflammatory effects and have been 
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A demonstrated to be effective in animal models of arthritis (13) . Based on the hypothesis that PCA may serve as a potential chondro-protective agent, the impact of PCA on the growth and phenotype maintenance of articular chondrocytes in vitro was considered in the present study. The results indicated that PCA was able to promote chondrocyte proliferation and GAG deposition in chondrocytes (Figs. 2 and 3 ). Proteoglycans are crucial components of the ECM (19) . The ECM is responsible for maintaining the cartilage load-bearing capacity (20) , and also plays a vital role in chondrocyte phenotype (21) . Consistent with the increase in GAG production, PCA was demonstrated to upregulate the gene expression of Sox9, collagen II and aggrecan (Fig. 4) . The chondrogenic transcription factor, Sox9, is essential for increasing the rate of chondrogenesis (22, 23) , particularly when coexpressed with collagen II (24) (25) (26) . In addition, several gene therapy approaches, namely viral methods to overexpress Sox9, have been shown to significantly improve the synthesis of cartilaginous matrix produced by bone marrow-derived stem cells and articular chondrocytes (27) (28) (29) . Evidence has also indicated that aggrecan production is significantly upregulated by the Sox9 gene, as an early chondrogenic marker (27, 30) . Therefore, a possible mechanism underlying the promotive effect of PCA on chondrocyte growth and matrix secretion may be the modulation of Sox9 expression.
Maintaining the chondrocyte phenotype is one of the major challenges for cartilage tissue engineering and inhibition of OA development (31, 32) . Dedifferentiation of articular chondrocytes tends to appear as the culture time progresses in tissue engineering or in the development of OA (11, 33) . Simultaneously, non-cartilage-specific ECM is produced, which is characteristic of a poor biomechanical response. PCA has been demonstrated to enhance differentiation and benefit phenotypic survival in neural-related cells (34) . In the current study, upregulation of collagen Ⅰ gene expression, a marker of dedifferentiation, was not detected in the PCA groups (Fig. 4) , indicating that PCA is beneficial to the phenotypic maintenance of chondrocytes. Dedifferentiation occurs when the differentiated phenotype of chondrocytes, consisting primarily of type II collagen and cartilage-specific proteoglycan, is lost and replaced by a complex collagen phenotype consisting predominately of type I collagen and a low level of proteoglycan synthesis (35) (36) (37) . Hypertrophy is a predictor of secondary cell phenotype loss (32, 38) , and the sequence of hypertrophy is endochondral ossification (39) . The results of the present study revealed that the associated gene, collagen X, was not detected in any of the groups (Fig. 4) . Therefore, the reduced expression of collagen I and the undetectable expression of collagen X following PCA administration indicated that PCA promoted rabbit articular chondrocytes in vitro to maintain their phenotype.
As for the recommended concentration of PCA, the proliferation of rabbit articular chondrocytes in vitro was accelerated with PCA concentrations ranging between 0.05 and 0.3 mmol/l. In particular, at a dose of 0.125 mmol/l, PCA exhibited the optimum performance with regard to cell growth and phenotype maintenance. However, whether this treatment is suitable for articular chondrocytes of other species, such as humans, is unable to be confirmed. A lack of evidence also exists with regard to the application of PCA in experiments in vivo.
In conclusion, PCA exerts a positive effect on the proliferation and phenotypic maintenance of rabbit articular chondrocytes in vitro, with the optimal concentration being 0.125 mmol/l. Therefore, PCA, a polyphenol compound widely found in vegetable matter, may serve as a potential agent in the field of cartilage tissue engineering and treatment of OA; however, further studies are required.
